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tions. Furthermore, the novel field of applying these techniques 
to increase behavior, neuronal plasticity and learning, e.g., in the 
sensorimotor domain as a model system, will be presented. Rather 
than attempting to be comprehensive in terms of reviewed work, 
this article intends to provide a clearly structured framework of the 
application of these techniques to understand and support plastic 
changes in the aging population.
NoN-iNvasive braiN stimulatioN
Two main non-invasive brain stimulation methods to modulate cor-
tical excitability have proved to be promising to induce long-lasting 
plastic changes in the sensori motor and cognitive systems.
repetitive traNscraNial magNetic stimulatioN
Repetitive transcranial magnetic stimulation is a painless and non-
invasive technique to stimulate the brain. It consists of brief electri-
cal currents delivered to the brain by an insulated wire coil placed 
on the skull. Currents generate a transient, high-intensity magnetic 
field with lines of flux running perpendicular to the coil. If the 
coil is held over the subjects head, it induces a secondary electrical 
current in the brain perpendicularly to the magnetic field that is 
capable of depolarizing neurons. All cortical areas beneath the skull 
can be potentially modulated, however most studies have focused 
on the motor cortex where an electromyographic response (motor 
evoked potential [MEP]) to single-pulse TMS can be measured 
providing the opportunity to read out changes in cortical activation 
(for details, please see Hummel and Cohen, 2005; Hallett, 2007). 
Depending on the frequency, duration, strength of the magnetic 
field and shape of the coil, rTMS can enhance or suppress activity 
in underlying cortical regions (Hummel and Cohen, 2005; Fregni 
and Pascual-Leone, 2007). In general, “high-frequency stimulation” 
refers to frequencies above 5 Hz and is considered to produce an 
excitatory effect, whereas “low frequency stimulation” refers to 
iNtroductioN
During the last century, average life expectancy in developed coun-
tries was prolonged approximately 30 years. In addition, a signifi-
cant decline in fertility generated a shift in the distribution of the 
population with important socio-economic, political, and public 
health consequences (UN-Report, 2005). The fact that there are 
more old people today than ever before, and that this tendency is 
expected to increase further, underlines the importance of under-
standing the mechanisms of healthy aging as well as developing 
novel innovative strategies to adapt for age-relate declines.
Besides age-associated diseases, like cardiovascular diseases or 
cancer (Balducci and Extermann, 2000), age-related neurobio-
logical changes with consecutive declines in cognitive functions, 
perceptual, and motor abilities impair activities of daily living, 
independence, and quality of life (Logsdon et al., 2002; Craik and 
Bialystok, 2006). In cognition, age-related deficits encompass mul-
tiple domains, including attention, memory, reasoning, and execu-
tive functions (Celsis, 2000; Hogan et al., 2006). Age-related motor 
impairments are also ubiquitous, with deficits in the planning, 
the execution and the control of movement (Krampe et al., 2002; 
Sawaki et al., 2003). Physiologically, aging consists of a dynamic 
process in the brain, involving a number of modifications associ-
ated with metabolic, structural, and functional changes, part of 
them hypothesized as adaptive responses to the functional declines 
(Burke and Barnes, 2006).
In recent years, different forms of non-invasive brain stimulation 
techniques have been explored in patients and healthy volunteers 
offering the attractive option to modulate neuronal plasticity and 
to improve behavior and learning processes (Hummel and Cohen, 
2006; Nitsche et al., 2008; Reis et al., 2009). In the present review, 
we will focus on studies using non-invasive brain stimulation 
techniques to evaluate cortical mechanisms during healthy aging, 
especially the one involved in preserving cognitive and motor func-
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has been used to develop “Sham/placebo” stimulation protocols. 
Within these protocols tDCS will be started in both conditions, 
but faded out after 30 s in the sham condition, the time frame in 
which the above mentioned sensations also fade away. Thus, with 
this procedure subjects cannot distinguish between real and sham 
tDCS with the opportunity to blind both investigator and subjects 
in these experiments (Hummel and Cohen, 2005; Gandiga et al., 
2006; Nitsche et al., 2008).
Both of the presented NIBS techniques can effectively modulate 
brain functions and both are painless and non-invasive. However, 
their underlying mechanisms differ (for a detailed description of 
the mechanism of action please see Fregni and Pascual-Leone, 2007; 
Hallett, 2007; Nitsche et al., 2008). Furthermore, TMS has superior 
spatial and temporal resolution. On the other side, with tDCS it 
is easier to perform double-blind, sham-controlled studies and to 
simultaneously apply behavioral tasks (Hummel and Cohen, 2005; 
Nitsche et al., 2008). For a comparison between both NIBS tech-
niques, please see Table 1. Importantly, both, rTMS and tDCS, can 
induce long-term after-effects (up to 1–2 h after stimulation offset) on 
 cortical excitability that may translate into physiological and behavio-
ral modifications in combination with training (Hummel and Cohen, 
2005). The intrinsic mechanisms underlying long-term effects of 
NIBS are not completely understood; however, it has been suggested 
to be analogous to long-term potentiation/depression (LTP/LTD) like 
effects demonstrated in the hippocampus after repeated activation 
of synaptic pathways (Hallett, 2007; Nitsche et al., 2008).
Modulation of the balance of neurotransmission can partially 
explain the neurophysiological effects of these techniques. NIBS may 
result in changes in inhibitory GABA-ergic as well as the excitatory 
glutamate-ergic intracortical systems which play a crucial role in 
the regulation of neuronal activity (Nitsche et al., 2003a). Recently, 
pharmacological studies described that d-cycloserine, a partial 
NMDA-agonist, selectively potentiates the duration of motor cor-
tical excitability modulation by anodal tDCS (Nitsche et al., 2004). 
Furthermore, shortly after a 10-Hz rTMS application to the ipsilat-
eral motor cortex, a focal increase of dopamine in the striatum was 
demonstrated in humans using PET (Strafella et al., 2003).
Additionally, another interesting concept has been put forward 
recently, namely that gene induction might be a potential mechanism 
by which NIBS may exert persistent plastic changes. Different studies 
support the view that rTMS modulates the expression of immediate 
early genes such as c-fos, c-jun, and astroglial gene expression in rodents 
(Fujiki and Steward, 1997; Hausmann et al., 2000). Another study 
exhibited that single sessions of rTMS increased c-fos mRNA expres-
sion predominately in the paraventricular nucleus of the thalamus 
and, in a lesser extent, in the frontal and cingulated cortices in animals 
(Ji et al., 1998). Using longer rTMS treatment protocols, a significant 
enhancement of Brain-derived neurotrophic factor (BDNF) mRNA 
in the hippocampus, parietal, and piriform cortices was described 
(Muller et al., 2000). Interestingly, recent research has demonstrated 
that BDNF might be a critical mediator of the magnitude of tDCS-
induced effects. Fritsch et al. (2010) have shown that adult mice with 
deletion of the BDNF gene failed to exhibit the LTP-like effect in the 
motor cortex after tDCS exposure (Fritsch et al., 2010). As previously 
described, BDNF is a member of the neurotrophin family and plays 
a significant role in synaptogenesis and synaptic plastic mechanisms, 
which underlie learning and memory processes in the adult brain and 
frequencies below 1 Hz causing inhibition of cortical excitability 
(Fregni and Pascual-Leone, 2007). The shape of the coil determines 
whether rTMS is rather focal (figure of eight coil) or rather non-
focal (round coil). The duration of the stimulation (in the range 
of up to 30 min) is related to the duration of the effect induced 
by rTMS, which can persist even after the end of stimulation for 
several minutes or even up to an hour (for a review, please see 
Hallett, 2007). Recently, an interesting, novel mode of application 
of rTMS, called “theta-burst stimulation” (TBS), has been intro-
duced capable of conditioning the human cortex for up to 90 min 
using short (less than 1 min) asynchronous high frequency rTMS 
trains (theta-frequency, about 5 Hz). Applying theta bursts con-
tinuously induces an inhibitory effect, while applying intermittent 
theta-bursts provides an excitatory effect (Huang et al., 2005).
Although rTMS is a safe procedure, it has the potential to cause 
seizures even in normal individuals. Contraindications to TMS 
are generally related to exposure to the magnetic field and there-
fore similar to those for magnetic resonance imaging (MRI). The 
magnetic pulse may damage electronic devices, and metal objects 
will be subject to mechanical forces. Exclusion criteria before pro-
ceeding need to be carefully considered and include: implanted 
metal devices such as cardiac pacemakers or defibrillators, drug 
delivery pumps, acoustic devices such as cochlear implants or spinal 
cord and vagus nerve stimulators (Rossi et al., 2009). Furthermore, 
safety guidelines describing limits for combinations of frequency, 
intensity, and train length have been developed to avoid relevant 
side effects (Wassermann, 1998; Rossi et al., 2009).
traNscraNial direct curreNt stimulatioN
The transcranial application of weak direct current is an effective 
and relative simple method to polarize brain regions. It consists of 
a battery and a current regulator, attached by wires to the scalp with 
two pad electrodes. Transcranial direct current stimulation (tDCS) 
has been demonstrated to modulate human cerebral cortical func-
tions inducing focal, prolonged, but reversible shifts of excitability 
(Nitsche et al., 2003b). Previous studies in animals have used intra-
cortical or epidural electrodes to stimulate the brain. In the past 
few decades, however, transcranial application of low amplitude 
direct currents demonstrated to induce intracerebral current flow 
sufficiently large enough to be effective in altering cortical neuronal 
activity (Hummel and Cohen, 2005). The efficacy and duration 
of the tDCS-induced excitability changes in humans depend on 
length of the stimulation, size of the electrodes, and strength of the 
current (Hummel and Cohen, 2005; Nitsche et al., 2008), whereas, 
polarity is determined by the orientation of the electric field. For 
example, anode over the motor cortex and cathode over the con-
tralateral supra-orbital region produces a lasting increase in motor 
cortical excitability when the current is applied for several minutes. 
In contrast, when the electrodes are reversed, a decrease in motor 
cortical excitability is seen (Nitsche et al., 2008).
A growing body of research demonstrated modulation of behav-
ior after tDCS application in the motor, somatosensory, visual, and 
cognitive domains in healthy volunteers and neuropsychiatric dis-
orders (Antal et al., 2004; Hummel et al., 2005, 2006; Boggio et al., 
2010). Although tDCS is a painless method, at the beginning of 
the stimulation it can induce short-lasting tingling, burning sensa-
tions which fade away in seconds (Nitsche et al., 2008). This effect Frontiers in Aging Neuroscience  www.frontiersin.org  December 2010  | Volume 2  |  Article 149  |  3
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et al., 2010). These findings are of great interest as GABA receptors 
are the most important inhibitory receptors in the central nervous 
system, playing a crucial role in the regulation of brain excitability 
and neuronal plasticity (Jones, 1993). In humans, GABA-ergic or 
glutamate-ergic neurotransmission can not be monitored directly. 
However, as demonstrated over the past two decades, TMS offers 
the interesting option to study these circuits in humans non-inva-
sively. Intracortical inhibition (ICI, GABA-ergic) and intracortical 
facilitation (ICF, glutamate-ergic) can be evaluated in the motor 
cortex by so-called short-interval paired-pulse TMS protocols (see 
Kujirai et al., 1993; Chen et al., 2004). In brief, these widely used 
protocols involve a subthreshold conditioning stimulus followed by 
a suprathreshold test stimulus. The conditioning stimulus modu-
lates the amplitude of the MEP produced by the test stimulus by 
mainly intracortical pathways. The test responses are inhibited at 
interstimulus intervals (ISIs) of 2–6 ms and they are facilitated at 
ISIs of 8–20 ms (for details please see Kujirai et al., 1993; Ziemann 
et al., 1996; Hanajima et al., 1998). These TMS protocols can not 
only be performed during rest but also while subjects perform a 
motor activity (Reynolds and Ashby, 1999; Hummel et al., 2009b; 
Heise et al., 2010).
To examine the effects of healthy aging on cortical excitability, 
several cross-sectional studies used these techniques to compare 
old with young healthy subjects. Overall, these studies yield incon-
sistent results and are difficult to compare one to another due to 
considerable differences regarding mean subject age, TMS tech-
nique used, small sample sizes, and great variability among the 
studies (Peinemann et al., 2001; Wassermann, 2002). Peinemann 
et al. (2001), demonstrated a reduction of ICI (indicating less 
inhibition) in a group of old healthy adults with respect to young 
controls, whereas ICF remained unchanged (Peinemann et al., 
2001). Wasserman, however, found no correlation in ICI or ICF 
with age (Wassermann, 2002). More recently, an increase in ICI 
and a decrease of ICF has been reported under resting state and 
disappeared during a submaximal muscle contraction. It is impor-
tant to mention that these measurements were performed in the 
non-dominant hand (McGinley et al., 2010).
Another physiological measure that correlates with intracorti-
cal inhibitory neurotransmission is the cortical silent period (CSP, 
for review please see Hallett, 1995). CSP refers to the interruption 
of voluntary muscle contraction by a single suprathreshold TMS 
pulse over the contralateral M1, evidence were provided that spinal 
inhibitory mechanisms contribute to the early part of the CSP 
(up to the first 50 ms), but its later part is generated mainly by 
long-lasting inhibition originating within M1 (Chen et al., 1999). 
This type of inhibition, in contrast to ICI (GABA-A), has been 
suggested to be mediated by GABA-B receptors (Werhahn et al., 
1999). Until now, three different studies demonstrated a consistent 
reduction in CSP in older adults, providing further evidence for an 
age-related decline in GABA-ergic inhibitory neurotransmission 
in the human motor cortex (Eisen et al., 1996; Sale and Semmler, 
2005; Oliviero et al., 2006).
The presented studies evaluated intracortical excitability during 
rest and during submaximal contraction. However, given that old 
subjects often show impaired performance while executing a motor 
activity (Reynolds and Ashby, 1999; Hummel et al., 2009b; Heise 
et al., 2010) it would be valuable to evaluate these measures while 
in several pathologies (for a review, please see Binder and Scharfman, 
2004). Until now, the most studied genetic influence consist of a single 
nucleotide polymorphism of the BDNF gene. A large number of the 
population has an amino acid substitution (valine to methionine) 
at codon 66 (val66met) and previous work correlated this genotype 
with both anatomical and behavioral consequences in healthy subjects 
(Egan et al., 2003). Recently, however, a reduction of cortical excit-
ability changes after motor learning and decreased susceptibility to 
NIBS protocols was demonstrated in the val66met carriers (Kleim 
et al., 2006; Cheeran et al., 2008). These findings support the notion 
that BDNF is involved, at least in young subjects, in the induction of 
cortical plasticity changes by NIBS.
morphological chaNges of the agiNg braiN
During healthy aging, the brain experiences complex structural and 
biochemical changes, including modification in dendritic morphol-
ogy, synaptic connectivity (Anderson and Rutledge, 1996), Ca2+ 
dysregulation (Toescu et al., 2004), gene expression (for review see 
Burke and Barnes, 2006) and a decrease in the availability and level 
of neurotransmitters (Roth and Joseph, 1994). Cholinergic and 
dopaminergic reductions are particularly pronounced compromis-
ing motor, attention, and memory processes (Volkow et al., 1998; 
Braver and Barch, 2002). Furthermore, extensive studies reported 
that the function of the dopaminergic system gradually declines as 
we grow older due to degeneration of dopaminergic neurons and 
receptors (Zaman et al., 2008).
Age-related decreases in white matter integrity appear to be a 
common process in the brain (Resnick et al., 2003; Stadlbauer et al., 
2008). Recent morphological studies using diffusion tensor imaging 
(DTI, for review see Pierpaoli et al., 1996) in old healthy subjects 
have consistently shown a correlation between aging and reduction 
of fractional anisotropy, suggesting a rarefaction of directionally ori-
ented axonal membranes, and increased mean diffusivity reflecting 
an alteration in cellular membranes and other structures hindering 
diffusion (Sullivan and Pfefferbaum, 2006). These age-related differ-
ences in white matter integrity are seen throughout the brain, with 
an increasing magnitude of the difference in anterior white matter 
structures compared to posterior regions, which most authors refer to 
as a “anterior–posterior gradient,” with age-related changes occurring 
earlier in the frontal lobe (Bennett et al., 2010). The corpus callo-
sum represents the largest white matter structure connecting the two 
hemispheres in the brain. Age-related changes in the topology of the 
corpus callosum primarily affect the genus; however, recent studies 
using more sensitive techniques of DTI also demonstrated changes 
in the splenium (Bastin et al., 2010). Until now, there is no consensus 
of the etiology and the functional repercussion of these changes in 
white matter structure, but recent data from healthy individuals and 
patients with mild cognitive impairments and dementia converge on 
highlighting correlations between cognitive performance and frac-
tional anisotropy (Persson et al., 2006), indicating that the decline in 
white matter might be associated with cognitive impairment.
age-related chaNges iN cortical Neurophysiology
cortical iNhibitioN
Changes in neurotransmission play a relevant role during healthy 
aging. Animal studies have consistently shown age-dependent 
changes in GABA-ergic cortical circuits (Yu et al., 2006; Schmidt Frontiers in Aging Neuroscience  www.frontiersin.org  December 2010  | Volume 2  |  Article 149  |  4
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to that of younger ones, few researchers started to transfer some 
of the “proof of principle” studies performed so far in young par-
ticipants to the aged population. In this context, NIBS techniques 
were used as an effective method to modulate synaptic efficacy in 
human motor cortex to improve learning and behavior.
As recently suggested, the aged brain might react different to 
NIBS protocols compared to the young brain. For example, Todd 
et al. (2010) showed a reduced response to an inhibitory subthresh-
old rTMS protocol in healthy old subjects compared to young 
controls (Todd et al., 2010). In addition, the response to paired 
associative stimulation (PAS), a widely used protocol to induce 
LTP/LTD-like changes in the motor cortex by coupling somato-
sensory stimulation with motor cortex stimulation (Stefan et al., 
2000), has been suggested to be dissimilar compared to young con-
trols (Tecchio et al., 2008; Fathi et al., 2009; Pellicciari et al., 2009). 
Recent studies, however, have shown ambiguous results using this 
protocol in the aged populations: Tecchio et al. (2008) found an 
age-dependent decrease in motor cortex plasticity only in females 
after menopause, but not in age-matched male subjects (Tecchio 
et al., 2008). Pellicciari et al. (2009) reported that cortical excitability 
induced by PAS in somatosensory cortex increased in healthy aged 
population due to a possible compensatory mechanism in specific 
neuronal circuits (Pellicciari et al., 2009). In contrast other stud-
ies proposed a substantially decreased magnitude of PAS-induced 
motor cortical plasticity in old subjects (Muller-Dahlhaus et al., 
2008; Fathi et al., 2009). Furthermore, Sawaki et al. (2003) showed 
a reduction of LTP-like mechanisms involved in use-dependent 
motor memory formation as a function of age (Sawaki et al., 2003). 
For a detailed summary, please see Table 2.
Although the published data is not completely conclusive, there 
is evidence provided suggesting that the response to NIBS might be 
different between young and old adults. There are different hypoth-
esis to explain these differences. (1) Old subjects’ neuronal systems 
do not respond to NIBS like the ones of young subjects. (2) The 
parameters for interventions for old subjects are not similar to 
the ones showed to be effective in young subjects. Thus, modified 
NIBS protocols might have to be tested in this population. (3) The 
neuronal system is already fully activated to compensate for age-
related functional deficits, thus, it cannot be further modulated by 
NIBS interventions.
compeNsatory cortical recruitmeNt iN the aged braiN?
Novel brain imaging techniques support the view that the neural 
system is continuously remodeled throughout life and after injury 
by experience and learning in response to activity and behavior 
(Jenkins et al., 1990). By applying functional neuroimaging to 
understand the processes underlying aging, a general finding has 
been described: in older individuals, activations tend to be weaker 
and more diffuse. In particular, hemispheric lateralization tends 
to be reduced during a behavioral task. Cabeza et al. (1997) found 
that activation of the prefrontal cortex during an episodic recall 
test based on word pairs was right-lateralized in young individuals 
but bilaterally represented in older adults (Cabeza et al., 1997). On 
the basis of these findings, in 2002 the HAROLD (Hemispheric 
Activity Reduction in Older Adults) model of age-related reduc-
tion of lateralization was introduced (Cabeza, 2002). This model 
suggests that, during cognitive tasks, low performing older subjects 
subjects perform a motor task. To illustrate, employing the double-
pulse paradigm during a simple finger movement revealed differ-
ences in the movement-related patterns of intracortical inhibition 
of healthy old subjects compared to young controls; with the old 
subjects showing disinhibition and a loss of modulation of corti-
cal excitability. Taken together, changes in intracortical excitability 
indicate the presence of age-related modifications in GABA-ergic 
cortical systems. Whether these alterations of inhibition represent 
a compensatory mechanism to promote neuroplastic changes or a 
mere decrease in the effectivity of the system without any functional 
meaning is still an open question that has to be addressed in detail 
in upcoming studies.
Additionally, TMS provides not only the possibility to evaluate 
cortical excitability in the primary motor cortex but also interac-
tions between different cortical areas, for example between both 
motor cortices. In healthy young subjects, there are balanced inter-
hemispheric inhibitory interactions (IHI), which can be assessed by 
TMS paradigm over both motor cortex (Ferbert et al., 1992). Using 
two magnetic stimulating coils (paired-pulse measure), it is possible 
to study the effects of a conditioning stimulus applied to the M1 
of one hemisphere on the MEP elicited by a test stimulus to the 
contralateral M1, inhibition occurs at intervals of 8–50 ms (Ferbert 
et al., 1992). Based on neurophysiological determinations and the 
observation that IHI is normal in stroke patients with a subcorti-
cal ischemic lesion of the corticospinal tract below the centrum 
semiovale (Boroojerdi et al., 1996), it was proposed that the inhibi-
tion was produced at a cortical level and mediated by transcallosal 
motor fibers. When a motor task is performed with one hand, the 
inhibitory influence targeting the ipsilateral hemisphere tends to 
increase (Duque et al., 2005). Talelli et al. (2008b) implemented this 
protocol at rest and during a low-strength isometric contraction in 
young and old healthy adults. The main findings were that during 
muscle activation the modulation of IHI was a function of age, 
suggesting that younger individuals showed stronger IHI, whereas 
in older individuals this phenomenon was attenuated and even 
reversed (Talelli et al., 2008b). Furthermore in another study com-
bining fMRI and TMS, the same group probed that activity in the 
ipsilateral motor cortex during a hand motor task is greater when 
IHI from the contralateral hemisphere does not increase in rela-
tion to the task (Talelli et al., 2008a). These works provide further 
evidence that age-related changes in inhibitory cortical networks 
observed within M1 are associated with alterations in task-related 
brain activity in distributed and interconnected brain regions con-
tributing in part to explain the finding of reduced lateralization 
during behavioral tasks in older individuals (Cabeza, 2002).
NeuroNal plasticity
Neuronal plasticity is defined as any enduring change in cortical 
properties caused by environmental changes, lesions, or functional 
adaptation to new circumstances. Modification in human cortical 
plasticity has been well documented in physiological conditions 
such as training of new motor skills (Rosenkranz et al., 2007), 
manipulation of sensory input (Kaelin-Lang et al., 2002), as well 
as during pathological processes like response to amputation and 
stroke (Cohen et al., 1991; Hummel et al., 2005). In an attempt to 
understand if the basic mechanisms of neural plasticity are involved 
in maintaining motor functions of older people at a similar level Frontiers in Aging Neuroscience  www.frontiersin.org  December 2010  | Volume 2  |  Article 149  |  5
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et al. (2008) investigated whether motor system activity during a 
task involving increasingly forceful hand grips was influenced by 
age. Subjects were asked to perform a simple isometric hand grip 
task with parametric modulation of force output. There were no 
age-related changes in BOLD response in contralateral M1, but 
consistent modifications have been described in ipsilateral M1. 
Furthermore, task-related activity co-varied positively with force 
output in a number of brain regions in young but not in the old 
group, indicating a reduced ability of old subjects to modulate activ-
ity in the appropriate motor networks (Ward et al., 2008). These 
differences in the cortical representation of motor acts has also been 
documented with electroencephalography (Sailer et al., 2000) and 
near-infrared spectroscopy techniques (Herrmann et al., 2006).
Increased cortical activity in old subjects during a motor or cogni-
tive task with a decrease in lateralization, initially led to the assump-
tion that the additional activation can potentially “ compensate” for 
showed similar unilateral prefrontal activation as young adults, 
while high-performing older subjects engaged a bilateral activation 
of the prefrontal cortex, indicating that recruiting additional corti-
cal resources is one potential compensatory effect due to age-related 
functional declines. This model was supported by data acquired 
in the area of episodic memory (Cabeza et al., 1997), semantic 
memory (Stebbins et al., 2002), working memory (Reuter-Lorenz 
et al., 2000), and inhibitory control (Nielson et al., 2002).
Recently, it has been probed that changes in hemispheric asym-
metry in older adults are reflective of a general aging phenomenon 
rather than a function-specific occurrence. In the motor domain, 
Mattay et al. (2002) found different patterns of activation dur-
ing a visually paced button-press motor task in old and young 
participants. These additional areas of activation were seen in the 
ipsilateral sensorimotor cortex, putamen, and contralateral cerebel-
lum of the old subjects (Mattay et al., 2002). In addition, Ward 
Table 1 | Summary of the main features of NIBS techniques (table modified from Gandiga et al., 2006).
  TMS tDCS
Excitatory  High frequency >5 Hz  Anodal stimulation
Inhibitory  Low frequency ∼1 Hz  Cathodal stimulation
Mechanism of action  Neuronal depolarization  Membrane modulation
Focality of stimulation  More focal  Less focal
Design of sham-controlled double-blind studies  More difficult  Less difficult
Synchronous application with motor training  More difficult  Less difficult
Discomfort or pain  Mild along application   Mild at the beginning
Adverse effects  Rare, if applied within the safety guidelines.   Rare, if applied within the safety guidelines.  
  Possible headache, sensory discomfort,   Sometimes headache, no seizures described yet 
  minimal risk of seizures
Time resolution  Excellent: milliseconds  Poor
Cost  Higher Lower
Table 2 | Induction of neuro-plasticity in old healthy subjects.
Technique Study type n Outcome Comments Main findings References
PAS Parallel design, age, 
and gender distributed
50 (25 young, 
25 old)
MEP N20 latency was not 
measured
Reduction of PAS effect only 
in old females
Tecchio et al. 
(2008)
PAS Three parallel groups, 
age, and gender 
distributed
48 (16 young, 
16 middle 
age, 16 old)
MEP N20 was checked in a 
sample of each group
PAS effect decreased with 
age, gender was not 
significant
Fathi et al. (2009)
PAS Two parallel design 32 (16 young, 
16 old)
SEP: N20-P25 
complex
Somatosensory 
cortex
Larger increase of SEP in old 
subjects
Pellicciari et al. 
(2009)
PAS Single design (age 
range 22–71 years)
27 MEP ISI equaled to 
individual N20-latency
PAS effect decreased with 
age
Muller-Dahlhaus 
et al. (2008)
rTMS  Randomized, double 
blind, parallel design
30 (15 young, 
15 elderly)
MEP Sham condition rTMS effect absent in old 
subjects
Todd et al. (2010)
tDCS Two parallel group with 
a cross-over design
8 (mean age 
57 years old)
MEP , ICI The subjects were a 
control group
Polarity-specific shift in MEP 
but not in SICI in elderly 
Quartarone et al. 
(2007)
UDP Parallel design 28 (14 young, 
14 elderly)
MEP , ICI Thumb movement 
task
MEP increased in young, but 
not in old subjects
Rogasch et al., 
(2009)
UDP Single design (age 
range 18–85 years) 
55 TMS-evoked 
movement
Thumb movement 
task
Decrease training-dependent 
plasticity in elderly
Sawaki et al. 
(2003)
PAS, paired associative stimulation; rTMS, repetitive transcranial magnetic stimulation; tDCS, transcranial direct current stimulation; UDP , use-dependent plasticity; 
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In the motor domain, in a double blinded, sham-controlled, 
cross-over study, Hummel et al. (2009) demonstrated that the appli-
cation of anodal tDCS over the contralateral motor cortex (increase 
of motor cortical excitability) improved a set of skilled hand motor 
functions, mimicking daily life activities, measured with the Jebsen–
Taylor hand function test in older subjects (Hummel et al., 2009a). 
The stimulation effect was more prominent in the skillful control 
of distal hand function (e.g., turning over cards, grasping small 
objects, and lifting small objects with a spoon) than of gross proxi-
mal functions. This is of special importance, given that the quality 
of life of old adults depend on an excellent functioning of the 
hand (Scherder et al., 2008). The results of the mentioned study are 
illustrated in Figure 2. A comparable concept was tested by Floel 
et al. (2008) using a pharmacological intervention and the same 
primary outcome. They found that levodopa facilitates the execu-
tion of complex hand activities in the old group. In this context, it 
is of interest that some authors proposed that tDCS-induced effects 
are in part mediated by a modulation of the dopaminergic system 
(Nitsche et al., 2006).
In another cognitive domain, Boggio et al. (2010) evaluated the 
effect of tDCS in a decision-making task in old subjects. They found 
that tDCS applied over both prefrontal cortex (left and right) modi-
fied the balance of risky and safe responses in a similar behavioral 
way, but with different topographical representation compared to 
a previous study performed in young subjects, supporting an age-
related reduction of lateralization as suggested in the HAROLD 
model (Boggio et al., 2010). Changes related to normal aging do 
occur in patients with Alzheimer disease (AD) as well. For instance, 
NIBS might improve cognitive variables in these patients as sug-
gested by Ferrucci et al. (2008). They found that anodal tDCS over 
temporoparietal regions enhances the recognition memory capac-
ity in patients with probable AD (mean age 75 years) (Ferrucci et al., 
2008). Furthermore, Cotelli et al. (2008) demonstrated that rTMS 
applied to the dorso-lateral prefrontal cortex improves naming 
performance in old subjects (Cotelli et al., 2008).
Most of the studies performed so far in healthy subjects and 
patients have examined the effects of NIBS on electrophysiologi-
cal measurements (e.g., intracortical excitability) or on behavioral 
tasks (e.g., Jebsen Taylor Hand function test), mainly in a single 
session approach. Within these approaches, transient behavioral 
improvements in the range of 10–20% could be achieved (Hummel 
and Cohen, 2005, 2006). However, especially if NIBS is applied to 
ameliorate functional deficits, it is important to achieve longer 
lasting improvements with a larger magnitude. Maximum behav-
ioral gains are optimized when brain stimulation is coupled with 
training, suggesting that it may act as a learning enhancer (Reis 
et al., 2009). In this context, recent evidence demonstrated in ani-
mal studies that training-induced cortical plasticity might be based 
on processes analogous to LTP/LTD like changes (Rioult-Pedotti 
et al., 2000), during acquisition of a new motor skill reorganization 
processes in M1 result in the formation of new cortical networks 
(Komiyama et al., 2010). These processes are most likely based 
on unmasking of excitatory connections within the cortex allow-
ing rapid changes in motor representations (Huntley, 1997) by 
reducing the activity of existing inhibitory ones (Buonomano and 
Merzenich, 1998). According to this line, a recent elegant study 
demonstrated in mouse motor cortex slices that combining anodal 
reduced activity in the circuits involved in the task (Cabeza et al., 
2002) and much of the subsequent work has continued develop-
ing this hypothesis (Ward and Frackowiak, 2003). Nevertheless, 
another possible explanation can be taken into account regarding 
this over-recruitment in old subjects. That is the possibility that 
this engagement represents an inefficient use of the brain resources, 
with non-selective recruitment rather than functionally relevant 
additional activation. This assumption can not be ruled out based 
on the aforementioned functional imaging studies. As a matter of 
principle, neuroimaging techniques like EEG or fMRI are based 
on the analysis of associations between concomitant modulation 
of behavioral and neurophysiological parameters such as electric 
fields or metabolic blood flow changes. They are not geared to test 
causality between local brain function and behavioral output. The 
latter is the domain of inactivation techniques like the Wada test 
or, non-invasively, temporary interference approaches with rTMS 
or tDCS (Fregni and Pascual-Leone, 2007; Hallett, 2007; Nitsche 
et al., 2008).
In the following section such an approach is described in 
more detail and illustrated in Figure 1. Within this project the 
hypothesis was tested whether the ipsilateral motor cortex is func-
tionally relevant, as suggested in several imaging studies, for the 
acquisition of a motor skill performed with the ipsilateral hand. 
To this purpose, cathodal (inhibitory) tDCS was used to down 
regulate the ipsilateral motor cortex during the training of a finger 
sequence motor task in old and young healthy adults (Figure 1). 
As hypothesized the disturbance of the ipsilateral motor cortex 
was followed by a functional impairment of the motor task indi-
cated by a significant reduction of correctly played sequences in 
comparison to a sham stimulation condition. Furthermore this 
effect was only apparent in the old group and not in the young 
control group. Notably, the older the subject, the more promi-
nent the disrupting effect of tDCS (Zimerman et al., 2008). Taken 
together these results strongly support the hypothesis that the 
ipsilateral motor cortex is causally involved in the acquisition and 
implementation of complex unimanual finger movements in old 
subjects but not in young ones. Moreover, it further substantiates 
the concept that, even in an aged population, an adaptable and 
plastic motor cortical network is able to respond to age-related 
degenerative changes in brain structure and function in order to 
maintain performance levels.
eNhaNcemeNt of decliNiNg fuNctioN iN old adults
According to previous studies performed in healthy subjects and 
in neuropsychiatric patients (e.g., stroke, Parkinson, and depres-
sion), non-invasive transcranial stimulation techniques have the 
potential to modulate activity in the targeted cortical region or 
in a dysfunctional network, to enhance function and restore an 
adaptive equilibrium for best behavioral outcome, or to suppress 
maladaptive plastic conditions (for review please see Fregni and 
Pascual-Leone, 2007; Hallett, 2007; Nitsche et al., 2008). Few stud-
ies examined the possibility to induce behavioral changes in old 
subjects. Most of the data found in the literature was obtained 
with younger subjects or patients with neurological disorders 
(Hummel et al., 2005; Cotelli et al., 2008; Wu et al., 2008) some 
of them affecting predominantly the aged population (e.g., stroke, 
Parkinson, and Alzheimer).Frontiers in Aging Neuroscience  www.frontiersin.org  December 2010  | Volume 2  |  Article 149  |  7
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Given that NIBS techniques and motor learning might share syn-
ergistic impacts on synaptic and network plasticity, additive, or even 
supra-additive effects can be anticipated by applying the innovative 
combination of NIBS concurrent with training. Along this line, 
tDCS to  simultaneous synaptic activation by low frequency stimula-
tion, induced lasting NMDA receptor dependent synaptic poten-
tiation and this response highly depends on BDNF secretion and 
TrkB activation (Fritsch et al., 2010).
FIGuRe 1 | Disruption of function of the ipsilateral motor cortex by tDCS. 
tDCS disrupting effects on ipsilateral motor cortex during a motor learning task 
(single subject data). Design: cathodal (inhibitory) tDCS or Sham was applied 
concurrent with training of a finger sequence, performed with the right hand. 
The stimulation was delivered in a counterbalanced double-blind design. The 
motor task was re-evaluated 90 min and 24 h after training. Questionnaires (Q1–6) 
regarding attention, fatigue, and hand fatigue were given before and after each 
session. Results: decreased number of correct sequences was seen with 
cathodal tDCS applied to the ipsilateral motor cortex but not with Sham 
stimulation. This data supports the functional relevance of the ipsilateral motor 
cortex for hand functions and support the view of a compensatory mechanism 
that takes place in old subjects. (This single subject data is part of a study 
presented in the international conference of TMS and tDCS by the authors, 
Gottingen, 2008).Frontiers in Aging Neuroscience  www.frontiersin.org  December 2010  | Volume 2  |  Article 149  |  8
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 functions in this population. There are, however, several open ques-
tions regarding underlying mechanisms and the use of NIBS to 
modulate functions that should be addressed in the near future in 
upcoming studies before both tDCS and rTMS protocols enter in 
larger clinical trials.
Which parameters of rtms aNd tdcs are the most effective?
Based on functional and structure changes that take place in this 
population and the ambiguity of the previous NIBS results to 
induce plastic changes in the elder brain (for details please see 
Table 2). It is conceivable that the protocols that have an effect in 
the normal young cortex may not have the same effects in an aged 
cortex. These findings, in deed warrant future studies directed in 
order to understand more about the basic mechanisms that are 
involved in neuroplasticity of the aged brain and also of the effects 
of NIBS on these mechanisms. Moreover, parameters of NIBS 
might need to be reconsidered in order to induce comparable 
effects on cortical excitability as in young (e.g., frequency, time, 
intensity of the NIBS techniques, size of the tDCS electrodes and 
shape of the TMS coil) and to adjust these parameters to achieve 
best modulatory effects of NIBS. Therefore, the best parameters 
for application in old healthy adults have to be further determined 
(e.g., dose finding).
Zimerman et al. (2010) applied anodal (facilitatory) tDCS to the 
dominant motor cortex while old healthy subjects trained a com-
plex unimanual finger sequence with the right hand (Zimerman 
et al., 2010). The study demonstrated a significant increase in skill 
acquisition by training the movements concurrent with anodal 
tDCS compared to training with sham intervention, an effect still 
apparent 24 h after the offset of tDCS. It is of interest that the slope 
of the learning curves in elderly increased with the application of 
tDCS to a level close to demonstrated in young healthy subjects 
(Figure 3). Taken together, this finding is the first proof-of-principle 
that combining NIBS with training can dramatically enhance the 
effects of training in old subjects, who otherwise show impaired 
motor learning (Brown et al., 2009).
Another strategy probed to increase the effects of NIBS is the 
repetitive application of NIBS over consecutive days rather than a sin-
gle session. With this approach, long-lasting effects of up to 3 months 
have been shown in young healthy subjects (Reis et al., 2009), a prom-
ising finding that has to be tested in healthy old subjects.
future directioNs
Based on the above described findings, NIBS techniques are 
promising tools to study age-related changes in cortical plasticity. 
They demonstrated the capacity to modulate motor and  cognitive 
FIGuRe 2 | Facilitating skilled motor functions by tDCS. Effect of anodal 
(excitatory) tDCS applied to the primary motor cortex on the Jebsen-Taylor hand 
function test (Hummel et al., 2009a). Design: After familiarization with the JTT, 
subjects took part in two sessions (before and after tDCS) composed of 3 JTT. 
tDCS or Sham was applied during the first 20 min of the second session in a 
counterbalanced double-blind design. Questionnaires assessing attention and 
fatigue during the experiment where given (Q1–4). Results: (A) tDCS but not 
Sham stimulation resulted in shorter total time of JTT (JTT1–3 vs JTT4–6). 
Performance improvements with tDCS persisted for at least 30 min. 
(B) Correlation between age and tDCS-induced improvement indicating that 
the older the subjects the more prominent was the improvement in JTT. 
(Figure modified from Hummel et al., 2009a).Frontiers in Aging Neuroscience  www.frontiersin.org  December 2010  | Volume 2  |  Article 149  |  9
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Pharmacology influence (Ziemann et al., 2002), exercise or training 
(Cirillo et al., 2009), gender (Tecchio et al., 2008), genetic background 
(Cheeran et al., 2008; Fritsch et al., 2010) and time of the day (Sale et al., 
2007). Moreover, we should bear in mind that the brain does not react 
stereotypically to cortical stimulation but that the response also highly 
depends on its actual state of activation. Thus, concepts of homeostatic 
plasticity studies (Siebner et al., 2004; Silvanto et al., 2008) have to be 
evaluated in more detail in this population in the future.
Which factors might iNflueNce the ability to iNduce cortical 
plasticity?
Even in young healthy subjects the variability in the neurophysiological 
and behavioral response to NIBS techniques is high and it is not com-
pletely clear which factors mainly explain or even predict the response to 
NIBS. It is clear that there is not only one single factor that may explain 
this variability. Recent work considered the association of multiple fac-
tors (Ridding and Ziemann, 2010), some of them well identified like: 
FIGuRe 3 | Improving motor learning by tDCS: single subject data. 
Performance enhancing effects of tDCS on a motor learning task (single subject 
data). Design: anodal (facilitatory) tDCS or Sham was applied concurrent with 
training of a finger sequence, performed with the right. Result: The main finding 
was that anodal tDCS combined with a motor training enhanced the number of 
correctly played sequences in old healthy subjects but not with Sham 
stimulation. Performance improvements persisted beyond the stimulation 
period and were evident at least 24 h after the training concurrent with tDCS. 
(This single subject data is part of a study presented in the international 
conference of Neurorehabilitation by the authors, Vienna 2010).Frontiers in Aging Neuroscience  www.frontiersin.org  December 2010  | Volume 2  |  Article 149  |  10
Zimerman and Hummel  NIBS in healthy old adults
refereNces
Anderson, B., and Rutledge, V. (1996). 
Age and hemisphere effects on den-
dritic structure. Brain 119(Pt 6), 
1983–1990.
Antal, A., Nitsche, M. A., Kruse, W., 
Kincses, T. Z., Hoffmann, K. P., and 
Paulus, W. (2004). Direct current 
stimulation over V5 enhances vis-
uomotor coordination by improving 
motion perception in humans. J. Cogn. 
Neurosci. 16, 521–527.
Balducci, L., and Extermann, M. (2000). 
Cancer and aging. An evolving pano-
rama. Hematol. Oncol. Clin. North Am. 
14, 1–16.
Bastin, M. E., Maniega, S. M., Ferguson, 
K. J., Brown, L. J., Wardlaw, J. M., 
MacLullich, A. M., and Clayden, J. D. 
(2010). Quantifying the effects of nor-
mal ageing on white matter structure 
using unsupervised tract shape mod-
elling. Neuroimage 51, 1–10.
Bennett, I. J., Madden, D. J., Vaidya, C. 
J., Howard, D. V., and Howard, J. H. 
Jr. (2010). Age-related differences in 
multiple measures of white matter 
integrity: a diffusion tensor imaging 
study of healthy aging. Hum. Brain 
Mapp. 31, 378–390.
Binder, D. K., and Scharfman, H. E. 
(2004). Brain-derived neurotrophic 
factor. Growth Factors 22, 123–131.
Boggio, P. S., Campanha, C., Valasek, C. 
A., Fecteau, S., Pascual-Leone, A., 
and Fregni, F. (2010). Modulation of 
decision-making in a gambling task in 
older adults with transcranial direct 
current stimulation. Eur. J. Neurosci. 
31, 593–597.
Boroojerdi, B., Diefenbach, K., and Ferbert, 
A. (1996). Transcallosal inhibition in 
cortical and subcortical cerebral vascu-
lar lesions. J. Neurol. Sci. 144, 160–170.
Braver, T. S., and Barch, D. M. (2002). 
A theory of cognitive control, aging 
cognition, and neuromodulation. 
Neurosci. Biobehav. Rev. 26, 809–817.
Brown, R. M., Robertson, E. M., and Press, 
D. Z. (2009). Sequence skill acquisition 
and off-line learning in normal aging. 
PLoS One 4, e6683. doi: 10.1371/jour-
nal.pone.0006683.
Buonomano, D. V., and Merzenich, M. M. 
(1998). Cortical plasticity: from syn-
apses to maps. Annu. Rev. Neurosci. 
21, 149–186.
Burke, S. N., and Barnes, C. A. (2006). 
Neural plasticity in the ageing brain. 
Nat. Rev. Neurosci. 7, 30–40.
Cabeza, R. (2002). Hemispheric asym-
metry reduction in older adults: the 
HAROLD model. Psychol. Aging 17, 
85–100.
Cabeza, R., Anderson, N. D., Locantore, J. 
K., and McIntosh, A. R. (2002). Aging 
gracefully: compensatory brain activ-
ity in high-performing older adults. 
Neuroimage 17, 1394–1402.
Cabeza, R., McIntosh, A. R., Tulving, 
E., Nyberg, L., and Grady, C. L. 
(1997). Age-related differences in 
effective neural connectivity during 
encoding and recall. Neuroreport 8, 
3479–3483.
Celsis, P. (2000). Age-related cognitive 
decline, mild cognitive impairment or 
preclinical Alzheimer’s disease? Ann. 
Med. 32, 6–14.
Cheeran, B., Talelli, P., Mori, F., Koch, G., 
Suppa, A., Edwards, M., Houlden, H., 
Bhatia, K., Greenwood, R., and Rothwell, 
J. C. (2008). A common polymorphism 
in the brain-derived neurotrophic fac-
tor gene (BDNF) modulates human 
cortical plasticity and the response to 
rTMS. J. Physiol. 586, 5717–5725.
Chen, R. (2004). Interactions between 
inhibitory and excitatory circuits in 
the human motor cortex. Exp. Brain 
Res. 154, 1–10.
Chen, R., Lozano, A. M., and Ashby, 
P. (1999). Mechanism of the silent 
period following transcranial mag-
netic stimulation. Evidence from 
epidural recordings. Exp. Brain Res. 
128, 539–542.
Cirillo, J., Lavender, A. P., Ridding, M. 
C., and Semmler, J. G. (2009). Motor 
cortex plasticity induced by paired 
associative stimulation is enhanced in 
physically active individuals. J. Physiol. 
587, 5831–5842.
Cohen, L. G., Bandinelli, S., Findley, T. W., 
and Hallett, M. (1991). Motor reor-
ganization after upper limb ampu-
tation in man. A study with focal 
magnetic stimulation. Brain 114(Pt 
1B), 615–627.
Cotelli, M., Manenti, R., Cappa, S. F., 
Zanetti, O., and Miniussi, C. (2008). 
Transcranial magnetic stimulation 
improves naming in Alzheimer dis-
ease patients at different stages of 
cognitive decline. Eur. J. Neurol. 15, 
1286–1292.
Craik, F. I., and Bialystok, E. (2006). 
Planning and task management in 
older adults: cooking breakfast. Mem. 
Cognit. 34, 1236–1249.
Duque, J., Mazzocchio, R., Dambrosia, 
J., Murase, N., Olivier, E., and Cohen, 
L. G. (2005). Kinematically specific 
interhemispheric inhibition operat-
ing in the process of generation of a 
voluntary movement. Cereb. Cortex 
15, 588–593.
Egan, M. F., Kojima, M., Callicott, J. H., 
Goldberg, T. E., Kolachana, B. S., 
Bertolino, A., Zaitsev, E., Gold, B., 
Goldman, D., Dean, M., Lu, B., and 
Weinberger, D. R. (2003). The BDNF 
performed to establish tailored assessment of age-related changes 
in cortical activity. Additionally, there is a growing need to extend 
the possibilities of brain stimulation into other key aspects of aging, 
e.g., attention, memory, and locomotion.
coNclusioNs
In summary, there is a growing body of evidence suggesting that the 
aging brain undergoes neuroplastic changes to respond to functional 
declines and keep performance on the best level. During these changes, 
additional brain areas are recruited, such as the ipsilateral motor cor-
tex. First proof of principle has been provided that NIBS might modu-
late cortical functions even in old subjects. Nevertheless, this exciting 
and progressing field is still at a starting point and more studies are 
needed to further substantiate the hypothesis that NIBS can be used 
to enhance functions that have declined with age. In comparison to 
pharmacological interventions, NIBS is applied focally and does not 
have systemic side effects, a crucial point to consider in this popula-
tion. Moreover, these techniques are easy to apply and can be coupled 
with training protocols or rehabilitative programs, such as physio-, 
occupational, speech therapy, or gait training to enhance impaired 
functions with a consecutive improvement of quality of life.
ackNoWledgmeNts
This research was supported by a grant from the DAAD (German 
Academic Exchange Service) to Maximo Zimerman (A/07/95990), 
Alexander von Humboldt Foundation (Feodor-Lynen) to Friedhelm 
C. Hummel and the Forschungsförderungsfonds Medizin of the 
University of Hamburg (NWF-04/07 to Friedhelm C. Hummel).
Which areas are the best targets for Nibs?
This is a quite interesting question as recent neuroimaging stud-
ies demonstrated large bihemispherical networks involved in the 
representation of functions in healthy old subjects. Based on this 
a main question comes to mind, which is not yet fully addressed, 
and has the potential to provide the basis for sophisticated, neu-
ronavigated NIBS interventions: is a cortical area rather adaptive 
or maladaptive for a certain function? The primer one would call 
for NIBS protocols enhancing the activity of this area, in contrast 
the second one might even call of inhibitory NIBS applied to the 
respective area. Furthermore, we also need more knowledge about 
the functional importance of the different cortical areas involved 
in the presentation of a cognitive function. For example recent 
neuroimaging study revealed that not all activated cortical areas in 
the network have the same functional importance during a motor 
task (Ward et al., 2008). Thus, cortical areas might be more or less 
promising as a target for NIBS to enhance functions. Until now only 
anodal tDCS over the contralateral M1 demonstrated to increase 
skilled motor functions in old subjects (Hummel et al., 2009). The 
assumption that a widespread and bilateral activation is causally 
involved in the acquisition and implementation of complex motor 
acts in old subjects positioned the secondary motor structures as 
possible target regions for future works. It is tempting to speculate, 
considering the role of ipsilateral M1, whether increasing the excit-
ability of this area could potentially enhance the performance of 
a motor task in this population. Probably, the individual network 
changes induced by aging determine the optimal areas for stimula-
tion. According to this line, future neuroimaging research should be Frontiers in Aging Neuroscience  www.frontiersin.org  December 2010  | Volume 2  |  Article 149  |  11
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